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The significant gap bridging materials from ITER to Fusion Power Plant 
- virtually no materials systems currently used are reactor viable 



Fusion Materials Development Challenges

• Plasma – materials interactions
- Sputtering, re-deposition & tritium implantation/retention
- High heat flux
- Varying thermomechanical stress

• Nuclear & non-nuclear degradation to materials and structures
- Structural stability to intense fusion neutron exposure (including transmutant H/He)
- Reduced activation mandate 
- Corrosive environments, with possible radiation enhanced corrosion
- Large, time varying thermomechanical stresses and high Temperatures 

• Harness fusion energy
- Minimize tritium inventory in blanket structures, PFCs, etc.
- Efficiently extract tritium from hot coolant
- Thermohydraulic and magnetohydrodynamic instabilities



Fusion Materials Development Challenges

• Magnetic fusion energy presents
many materials challenges,
including:
- High thermal heat fluxes
- Low induced radioactivity
- Sputtering/blistering of 

plasma facing components
- Radiation damage
- Chemical compatibility
- Joining/Welding

blanket materials

*Ref: H. Bolt, Max-Planck Institute for Plasma Physics, Garching, Germany



Fusion Materials Engineering Challenges: low-induced 
radioactivity

• Structural materials selection 
strongly impacts the economic 
& environmental attractiveness 
of fusion power
• Many materials are not 
suitable for various technical 
reasons
• Based on safety, waste 
disposal and performance 
considerations, the leading 
candidates are:
- RAF/M and NFA steels
- Tungsten alloys
- Vanadium alloys
- SiC/SiC composites



•  Exposure to neutrons degrades the mechanical performance of structural materials and impacts the 
economics and safety of current & future fission power plants: 

- Irradiation hardening and embrittlement/decreased uniform elongation (< 0.4 Tm)
- Irradiation (<0.45 Tm) and thermal (>~0.45 Tm) creep 
- Volumetric swelling, dimensional instability & growth (0.3 - 0.6 Tm)
- High temperature He embrittlement (> 0.5 Tm); Specific to fusion & spallation accelerators

• Additional environmental degradation due to corrosive environments (SCC, uniform/shadow 
corrosion, CRUD)

Irradiation effects on structural materials

Variables
• Structural Materials (Fe-based steels, 

Vanadium and Ni-based alloys, Refractory 
metals & alloys, SiC) and composition

• Zr alloy cladding
• Initial microstructure (cold-worked, 

annealed)
• Irradiation temperature
• Chemical environment & thermal-

mechanical loading 
• Neutron flux, fluence and energy 
spectrum 
- materials test reactor irradiations 
typically at accelerations of 102 - 104

Synergistic Interactions
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Irradiation effects on structural materials



Why is He/dpa ratio such an important parameter for 
materials R&D?

• He generation can alter the microstructural evolution path of irradiated materials (pronounced 
effects typically occur for >100 appm)
– Cavity formation (matrix and grain boundaries)
– Precipitate and dislocation loop formation 

• He can also increase hardening and embrittlement at low Temperature

Swelling in stainless steel is maximized
at fusion-relevant He/dpa values

He bubbles on grain boundaries can cause
severe embrittlement at high temperatures

Grain boundary

R.E. Stoller, J. Nucl. Mater. 174 (1990) 289



Nuclear structural materials degradation shares commonality
But, the fusion nuclear environment incorporates additional degradation concerns
(He/transmutants, thermo-mechanical cycling and tritium) that are more (to much more) 
extreme in the fusion environment than fission, even without the initially large extrapolation to 
DEMO neutron irradiation conditions

Materials for Innovative Nuclear Energy Systems,
Karlsruhe, Germany, June 2007

Thermal

-mechanical cycling

Fusion nuclear

degradation (He/T)



Irradiation effects on structural materials: 
commonality between fusion & fission



Fusion Materials Current Readiness



Fusion Materials Current Readiness: Radiation Effects

0 – 5 years 5 – 15 years >15 years

• Table focuses on structural materials for first wall/vacuum vessel, but radiation stability & 
degradation of magnet (conducting coils & insulators) and on diagnostics (optical/electronic 
properties) are needed in the near term (< 10 dpa, up to 109 Gy)

Note:  He levels are for RAF/M, lower and higher values for other materials



Fusion Prototypic Neutron Source (FPNS)

• The need for an irradiation source to test and qualify materials has been recognized since 
the 1970’s.

• Many facilities have been proposed, but in the U.S., only RTNS (I & II) was built and
operated at < 0.1 dpa between 1979 and 1987

• IFMIF is being designed and technology prototyped by the Japan/EU (IFMIF EVEDA)
- IFMIF cost estimated at >$1.25B 
- DONES (essentially half-IFMIF) currently being pursued, estimated at ~$700M

• Multiple FESAC & community reports (e.g., RENEW, Gaps and Priorities, etc.) have 
promoted material testing in a prototypic fusion neutron spectrum 

- More recently, the US APS-DPP Community Planning Process reiterated that FPNS is 
needed and assigned a high(est) priority ranking among needed new start facilities

- In summer/fall 2022, EPRI hosted a 2-part workshop series to further discuss 
requirements for an FPNS and build consensus on timeline, with the emergence of private 
fusion companies



Fusion Prototypic Neutron Source (FPNS)



Fusion Materials Current Readiness
• Thermo-mechanical properties of candidate structural materials (RA/FM: Reduced activation ferritic-martensitic 
steels, NFA: Nanoscale oxide dispersion strengthened ferritic alloys, V: Vanadium alloys, W: Tungsten, SiC: Silicon 
Carbide, Adv Mat: to be developed advanced material)

0 – 5 years 5 – 15 years >15 years

Green = Adequate Knowledge Base Exists
Yellow = Partial Knowledge Base Exists
Red = Knowledge Base Does Not Exist of Completely Inadequate

Note:  He levels are for RAF/M, lower and higher values for other materials



Fusion Materials Action Item: High Temperature design rules
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! Current high-temperature design methods are largely 
empirical.

! New models of high-temperature deformation and fracture are 
needed for:
• Creep-fatigue interaction.
• Elastic-plastic, time-dependent fracture mechanics.
• Materials with low ductility, pronounced anisotropy, composites and 

multilayers.
! Integrated materials-component-structure development, 

design and testing approach needed.



Fusion Materials Current Readiness

Note:  He levels are for RAF/M, lower and higher values for other materials

0 – 5 years 5 – 15 years >15 years

• Corrosion/compatibility knowledge to data largely based on isothermal exposures
- Significant need for flowing loop testing + coupled MHD/E-M effects (See Bruce Pint presentation)

Green = Adequate Knowledge Base Exists
Yellow = Partial Knowledge Base Exists
Red = Knowledge Base Does Not Exist or Completely Inadequate



Fusion Materials Database: Current Readiness
0 – 5 years 5 – 15 years >15 years

Note:  He levels are for RAF/M, lower and higher values for other materials



Status of Vanadium alloys in fusion blankets*

• Corrosion, MHD and tritium barrier coatings 
require substantial R&D effort, and lack of stable 
coating technology led U.S. Fusion Materials 
Program to de-prioritize V-4Cr-4Ti alloys (shifted to 
dual-cooled lead-lithium blanket with SiC flow 
channel inserts and RAF/M structure)

*Ref: T. Muroga, J.M. Chen, V.M. Chernov, R.J. Kurtz, M. Le Flem, J. Nucl. Mater. 455 (2014) 263-286.



• NASEM pilot plant report notes “The scientific understanding of the neutron-induced degradation provides 
confidence up to a dose of 50 dpa/500 appm He (~5 MW-year m-2) within the temperature range from 400 to 550°C”
§ The data shown below “provides confidence in RAFM structural materials for use in a fusion pilot plant, 

although the degradation service limit is not yet established.”
§ “However, RAFM materials have not been fully demonstrated in the complex environmental loading conditions of 

a fusion pilot plant, which include multiple combined degradation modes including neutron degradation, He and H 
gas generation from nuclear transmutation, injected ions and permeating tritium, significant and potentially time 
varying heat flux, complex mechanical loading, magnetic fields and corrosive coolants, including the effects of 
radiolysis. Materials development efforts must focus on meeting all the requirements of a recognized code 
standard.”

Reduced Activation Ferritic Martensitic Alloys for FPP



• NASEM pilot plant report notes “The scientific understanding of the neutron-induced degradation provides 
confidence up to a dose of 50 dpa/500 appm He (~5 MW-year m-2) within the temperature range from 400 to 550°C”
§ The data shown below “provides confidence in RAFM structural materials for use in a fusion pilot plant, 

although the degradation service limit is not yet established.”

Reduced Activation Ferritic Martensitic Alloys for FPP



Materials – tritium issues require additional research



Integrated simulation for Fusion technology



Fusion materials degradation is multiscale Radiation damage processes

Lack of intense neutron source emphasizes the need for co-ordinated experiment,
modeling & theory to develop fundamental understanding of radiation damage

Lack of intense neutron source emphasizes the need for co-ordinated experiment,
modeling & theory to develop fundamental understanding of radiation damage



Fusion materials degradation is multiscale 

Uncertainties and 
errors are found –and 
ideally must be 
quantified– at every 
possible level

Significant opportunity for & 
examples of computational 
thermodynamics to tailor 
improved materials properties 
(advanced ferritic/martensitic 
alloys, Cu-based alloys, etc.)



Primary damage & opportunities to utilize multi-ion beams
mounted to act as degraders (Fig. 7). An example of the
use of energy degraders for a triple ion-beam irradiation
is shown inFigure8Here, a triple ion-beam irradiation is
described using the TRIM code (Ziegler et al., 2008). The
curves shown represent the dpa caused by the Fe ion of
10.6MeV, and the implantation profiles of a proton and
an alpha particle beam each passing through one of
several degrader foils so as to produce an implantation
profile of about 1mm wide. These two stopping profiles
are in actuality a combination of several Gaussian-like

stopping distributions, each of approximately the same
total number of particles. The stopping profiles have
been divided by the Fe produced dpa to give the H and
He appm/dpa ratio as a function of depth. The displace-
ment damage produced by the H and He is not taken
account in this figure. Charged particle beams of helium
and hydrogen implanted along with the displacement
damage is a good way of emulating the dose-dependent
environment. To accomplish this requires the use of
multiple ion beams.

Electron (TEM) and Ion-Beam Facilities. It is often
advantageous to follow the actual evolution of the
microstructure during irradiation. The evolving defect
microstructure cannot be observed in real time by doing
PIE after the irradiation. To accomplish such
observations an electron microscope, usually a
transmission electron microscope (TEM) is used to
observe, in situ, the change of a material due to
accumulating irradiation damage. The use of an
electron microscope to observe real-time damage
accumulation limits sample thickness to about 100 to
200A

!
because of the limited energy (100 keV to 1MeV).

Figure 9 (Wang, 2009) shows an image of the facility
at Hokkaido University in Japan, which has a JEOL
JEM-ARM1300 with two ion beams (20–300 and
20–400keV). In this case, two different ion types can
impinge simultaneously on one sample along with the
microscope’s electron beam. Table 2 shows a summary

Figure 7. Two of the three energy degrader wheels are shown.
The beam is coming toward the viewer. Reprinted from Serruys
et al. (2009), Copyright 2009, with permission from Elsevier.
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Figure 8. An example of the TRIM calculated deposition as a
function of depth for dpa, H, and He in an Fe specimen.

Figure 9. JEOL JEM-ARM1300, in Japan, with two ion beams
(20–300 and 20–400keV). From Wang (2009).
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(1 ! 10"24 cm2) with the fj flux values of the incident neutron
spectrum in units of neutrons cm"2 s"1.

Fig. 3, shows the PKA spectra computed for the main reaction
channels on 56Fe under a neutron-irradiation flux-spectrum pre-
dicted for the equatorial first wall (FW) of a typical conceptual
design for a demonstration fusion power plant “DEMO”. This
spectrum, shown in Fig. 4, was computed using the MCNP [11,12]
Monte-Carlo neutron transport code for a 2013 DEMO design
with helium-cooling and a tritium-breeding blanket made up of a
bed of Liþ Be pebbles, abbreviated as hcpb in the figure for helium-
cooled pebble-bed e see Ref. [13] for further details of the model
and calculations. Fig. 3a shows the PKA rates in units of PKAs per
second per target 56Fe atom for the main heavy nuclide recoil
channels, while Fig. 3b shows the equivalent light particle (gas)
emission PKA spectra, where they exist.

Fig. 3a shows that for much of the PKA energy range (on a
logarithmic scale), the simple elastic scattering of 56Fe atoms
dominates, which is the typical result for most nuclides, with PKA
rates of the order of 2 ! 10"11 PKAs s"1 per target atom at all en-
ergies below a few tenths of a keV. Only at energies above around
100 keV do other reaction channels produce statistically significant
numbers of PKAs. Most notably the inelastic scattering channel
dominates the elastic scattering above ~100 keV, while 53Cr PKAs
from the (n, a) reaction are the only significant heavy recoils above
1 MeV. Note in this latter case that the recoil nuclei is of a different
chemical nature to the target nuclei because transmutation has
occurred.

For the light particle emissions (Fig. 3b) note that these are
predominantly at energies above 1 MeV, reflecting the fact that, via
conservation of momentum, they receive a higher proportion of the
energy from the 14 MeV neutrons that dominate the irradiation
spectrum (see Fig. 4) than the heavy recoils generated in the same
nuclear reactions. The PKA rates for these light particles are also
relatively low compared to the rates observed for the heavy-
particle scattering, but they are in agreement with the rates for
the corresponding heavy recoils for the same reaction channels.

Fig. 3a also includes the PKA spectrum associated with the recoil
of 57Fe, which is produced by neutron-capture (n, g) followed by
photon (g) emission. As mentioned earlier, the recoil matrix for this

channel is not an automatic output from GROUPR. However,
GROUPR produces the (n, g) reaction cross-section vector from the
same nuclear data and in the correct group format. There is no
energetic cost associated with this type of reaction, and, further-
more, if we assume that no energy is lost through excitation of the
residual, then a simple momentum conservation argument gives
the energy range of the target atom once it has captured a neutron
from a specific energy group. The resulting compound nucleus will
still be in an excited state due to extra mass and must decay down
the energy levels by emitting photons (g-rays), whose total energy
can be found by comparing the mass of the final ground state of the
daughter atom(57Fe in Fig. 3) with the combined mass of target
(56Fe) and neutron (the “compound nucleus”). Then, as a conser-
vative (in the sense that the highest possible recoil energy is

Fig. 3. The collapsed PKA spectra for the dominant reaction channels in 56Fe under DEMO hcpb FW conditions. (a) The (heavy) residual recoils, and (b) the secondary light particle
emissions. Note the change in energy scale in (b) reflecting the fact that the light particles are emitted with a higher proportion of the recoil energy than the associated heavy
residuals produced via the same reaction channels. Note that the PKA s"1

fluxes given in these plots and elsewhere in this paper are the absolute total fluxes in each recoil energy
group, plotted at the midpoint of the energy group.

Fig. 4. Neutron irradiation spectra for the equatorial (outboard) FW of several
demonstration fusion reactor (DEMO) concepts. The abbreviations refer to helium-
cooled lithiumelead (hcll), helium-cooled pebble-bed (hcpb), water-cooled lith-
iumelead (wcll), and water-cooled ceramic-breeder (wccb) reactors. Further details
are given in the main text and also in Ref. [13]. Also shown, for comparison, is the fuel-
assembly averaged spectra for a typical fission reactor e in this case for a pressurised
water reactor or PWR e and also the spectrum predicted for the HFIR experimental
fission reactor [14]. The neutron flux is plotted per lethargy interval, which is equal to
the natural logarithm of the upper divided by lower energy bounds of each of energy
group used to bin the spectrum.

M.R. Gilbert et al. / Journal of Nuclear Materials 467 (2015) 121e134124

Gilbert et al, JNM 
(2015)
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MD simulations of initial damage stateX. Yi et al.
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Fig. 3: (Colour on-line) Histogram of defect size (N) for both
experiments and MD simulations. Loops smaller than 1.5 nm
were difficult to distinguish from the background image inten-
sity fluctuations; the smallest-size experimental bin is the ac-
cumulated frequency for diameter d < 1.5 nm. The dashed line
shows the cluster power law found for 150 keV cascades in bulk
tungsten [10]. The histograms are normalized so that the area
under the curves matches the total number of defects counted.

the surface [24], resulting in the formation of near-surface
vacancy-rich zones. Such depleted zones are seen in field
ion microscope observations [25], and are well reproduced
by MD simulations [26]. Such cascades produce only a few
small interstitial defects, biassing the size distribution to
smaller defects. The agreement between 400 keV exper-
imental observations and bulk MD simulations suggests
that surface effects are not predominant in 400 keV ion ir-
radiation. Ions penetrating deeper give rise to heat spikes
contained in the bulk of the material, resulting in damage
which is statistically similar to bulk damage, with roughly
equal numbers of interstitials and vacancies, and larger
dislocation loops. Figure 4 shows the results of typical
cascades from a 30 keV and 150 keV W ion. While only
5% of cascades from 30 keV ions resulted in a heat spike
contained beneath the surface, this proportion was 50%
for 150 keV ions.

For loops containing more than N = 700 defects, there
is a deviation from linearity on the log-log plot. This de-
viation is significant as it indicates an upper limit to the
size of defects generated in the cascades. Such a limit must
exist, as it is impossible for a finite energy incident ion to
generate arbitrarily large dislocation loops.

No loops larger than 10 nm in diameter (N = 1300) were
observed in the 150 keV irradiation experiments, and only
one loop over 10 nm in diameter formed during 400 keV
irradiation. It is not unlikely that this single very large
loop was generated by the coalescence of other loops. The
upper limit of the size distribution is similar for both in-
cident ion energies, and the deviation from a power-law
occurs at the same point. In our case, the likely reason for
the low number of very large defects is the branching of
cascades into sub-cascades above a certain threshold cas-
cade energy, which for tungsten is close to 150 keV [10,13].

Fig. 4: (Colour on-line) Typical final state configurations of
(left) 30 keV and (right) 150 keV collision cascades in tungsten
foil simulated using MD. Red spheres denote vacant lattice
sites, blue spheres are self-interstitials and green are surface
atoms.

The 150 keV ion irradiations produced on average 0.27
visible loops per incident ion. This can be directly com-
pared to 0.03 visible loops per ion in UHP W at 300 K [7],
indicating that at room temperature 90% of loops are
sufficiently mobile to be lost to the surface or annihi-
late each other. The average loop diameter at 30 K is
2.6 nm (N = 90), compared to 2.0 nm at room tem-
perature, owing to the preferential annihilation of large
loops [7]. The 400 keV self-ion irradiation experiments
produced 0.55 visible loops per incident ion, with average
diameter d = 2.9 nm (N = 110).

The number of visible (over 1.5 nm) defects per cascade
predicted by MD is greater than that seen in experiment;
the foil simulations expected to produce 1.1 defects per ion
if the power law is extended to N = 700. On the one hand,
this is not surprising given the variability associated with
the choice of interatomic potentials [8,22]. On the other
hand, the short time scale of MD simulations means that
even mobile defects have little time to migrate and anni-
hilate, or reach the surface. The total number of defects
found in a cascade simulation represents an upper bound
to the possible number of surviving defects observed on
experimental time scales. A further apparent feature of
fig. 3 is that the experimental distribution extends to sig-
nificantly larger sizes than the distribution generated by
MD. This unusual and interesting aspect of comparison
between simulations and observations highlights the dif-
ference between sampling in the two cases. We analysed
50 MD cascades, whereas the 150 keV experiment com-
prised 10000 cascades, and the 400 keV experiment 20000
cascades. In situ experiments therefore make it possible to
observe events too infrequent to find in MD simulations.
The average diameter of visible loops in the simulations is
d = 2.6 nm, in agreement with experiment.

The radial distribution function gd(r), defined in
eq. (A.2) as the probability of finding pairs of spots with
diameters greater than d, separated by distance r is shown
in fig. 5. We see a maximum correlation at r = 4 nm, for
d = 2–4 nm spots in the micrographs, which is the same
as the scale (4 nm) of the projected radial distribution of

36001-p4

Yi et al, EPL (2015)

Setyawan et al, JPCM 27 (2015) 225402

EPKA

• Extensive simulation data exists for initial defect distributions and defect 
production



MD can also accurately simulate the structure of large defects

the key conclusions with direct comparison with experi-
mental results. There are two possible ways of contrast-
ing the results obtained by numerical simulation: (i)
comparing the normalized number densities and size
distributions of h100i (and 1

2
h111i) loops in identical

conditions – quantitative comparison – and (ii) com-
paring the structure of the defects obtained by way of
atomistic simulation with real TEM micrographs –
qualitative comparison. The former case has been pre-
liminarily presented by Caturla et al. [34] using kMC,
while the latter type of comparison has been performed
by Marian et al. [35] and is briefly reviewed below.

The conventional TEM (CTEM) images of the dis-
location loops are simulated using the multislice method
to obtain their weak-beam image at 200 kV. This is

performed with the EMS software package [36]. Ideally,
for CTEM, and more precisely for weak-beam image
simulations, the sample ought to be more than 10-nm
thick to avoid surface effects, and thinner than 80 nm to
reduce anomalous absorption, which arises from in-
elastic scattering of the electrons, that would result in a
blurry image. Details on the main elements of the ap-
proach are given elsewhere [35,37]. The sample obtained
from MD simulations is cut perpendicular to the elec-
tron beam direction in slices 0.2-nm thick. The sample is
in all cases cut into 100 slices that are roughly 10 nm on
a side and contain approximately 2000 atoms. In this
case, the diffraction vector was picked to be g ¼ ð200)
and the diffraction condition was g(4.1g). The parame-
ters used to obtain the images are similar to those of
modern microscopes operated at an acceleration voltage
of 200 kV.

CTEM simulated images of a number of large (4–18
nm) loops were obtained to allow direct comparison
with experiments. Fig. 5 shows an experimental TEM,
weak beam, gð4:1gÞ, g ¼ ð200Þ image of a Fe–9Cr
tempered martensitic steel sample irradiated at high dose
rate and 302 !C, up to a total dose of 8.8 dpa. The
observed microstructure contains a number of features,
most of which are defect structures generated by the
irradiation. The two insets displayed in Fig. 5 represent
the simulated TEM image of an 18-nm long, 937-SIA,

Fig. 5. Experimental TEM weak beam image of a Fe–9Cr
crystal irradiated with neutrons to a dose of 8.8 dpa at 302 !C.
The two insets represent TEM simulated images of an 18-nm,
rectangular [1 0 0] loop and a 4-nm, hexagonal, [1 0 0] loop. A
number of features can be observed in the TEM micrograph,
among which two (pointed by arrows) interstitial loops with
Burgers vector [1 0 0], sitting on {1 0 0} planes, can be identified.
The qualitative agreement with the simulated loops in both
contrast and shape is excellent.
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Fig. 4. (a) SIA cluster migration energies, and respective non-
linear fits, as a function of cluster size n in pure Fe and in Fe–
1.0 at.% Cu. In both cases, Em approaches the asymptotic value
of the h111i, size-independent, migration step. For low cluster
sizes, the value of Em includes the rotation activation barrier,
which significantly increases the total migration energy value.
(b) Diffusion pre-factors as a function of size. The marked drop
in the curves for about n $ 3–4 denotes the transition from 3D
to 1D migration. The pre-factors tend to zero as the cluster size
becomes sufficiently large to form dislocation networks that do
not move in the absence of an applied stress.

186 J. Marian et al. / Journal of Nuclear Materials 323 (2003) 181–191

with respect to h100i {1 0 0} becomes very small with
increasing loop sizes (e.g., !13 eV for a loop containing
127 self-interstitials). Initially, h100i loops are more

stable on {1 1 0} planes but, as size increases,
h100i{1 0 0} configurations become energetically fa-
vored. This is believed to stem from the significant re-
duction of dislocation segment length that h100i loops
undergo when rotating from {1 1 0} to {1 0 0} planes.
The critical size for habit plane rotation is estimated to
be around 70. We have also tried loop configurations
that do not comply with the above guidelines, such as
hexagonal h100i{1 0 0}, square h100i{1 1 0} and rhom-
bic 1

2
h111i{1 1 0} clusters. In all cases the formation

energies for these defects were higher than for the magic
loops.

Fig. 2 shows the CTEM simulated images of a
91-SIA, hexagonal, 1

2
h111i{110} loop and a 61-SIA, hexa-

gonal, h100i{1 0 0} loop, taken under the above condi-
tions. A cut perpendicular to the [0 0 1] direction of the
simulation box for each loop is also shown. The ob-
served contrast in the images originates from the defect-
induced displacement field. From the images, it is clear
that the displacement field caused by the 1

2
h111i loop is

mostly circumscribed to the glide prism of the defect,
while on the contrary, for the h100i, the strain field has
stereoscopic geometry and reaches outside the glide
prism of the loop. This is likely a consequence of the
larger dislocation core volume for h100i interstitial
loops, whereas the compressive stress caused by 1

2
h111i

Fig. 1. Dislocation loop energy as a function of size (number of
constituent interstitials) for 1

2
h111i{1 1 0}, h100i{1 1 0} and

h100i{1 0 0} magic clusters. The curves have been obtained as
MD data fits to the continuum elasticity expressions given in
Ref. [17]. Up to the sizes considered, 1

2
h111i are always more

stable than h100i loops. These lie originally on {1 1 0} planes,
until about sizes 65–70, when they change habit planes to
{1 0 0}.

Fig. 2. [0 0 1] view of the MD simulation box after relaxation of a 1
2
½1!111# (top image) and a [1 0 0] (bottom) loop respectively. Next to

each one of the atomistic images are the corresponding weak beam, g ¼ ð200Þ, g(4.1g), CTEM simulated images.

J. Marian et al. / Journal of Nuclear Materials 307–311 (2002) 871–875 873

Marian, Schaublin, Wirth, Perlado (2002-2005)

Molecular dynamics can be used to validate structure of complex defects such 
as large dislocation loops (results for Fe-Cr alloy neutron irradiated to 8.8 dpa)



DFT calculations for fundamental defect properties

• Advantages
Can give the most reliable estimate currently available for 
quantities not accessible through experiments:
- Defect formation energies, binding energies, saddle 

point energies, …

• Drawbacks
Numerically very expensive:
- Size of the system limited to max. ~103 atoms (less 

for metals)
- Essentially used only for static calculations

DFT methods have been 
crucial in predicting the 
structure of primary defects 
in metals.

Ventelon et al, 2010, 2012, 2013,2015



Mesoscale cluster dynamics can simulate defect cluster evolution
Xolotl is open-source cluster dynamics code 
developed by Plasma Surface Interaction SciDAC
and applied to divertor surface evolution and gas 
content, nuclear fuel swelling and radiation 
damaged microstructures

S. Blondel et al., Nuclear Fusion 58 (2018) 126034.

https://github.com/ORNL-Fusion/xolotl

He content in plasma-exposed Tungsten

Modeling Swelling in F-M steel

Modeling Swelling in dual-
beam irradiated F-M steel

S. Taller et al., Scientific Reports 11 (2021) 1-14.

Modeling interstitial and 
vacancy loop evolution in a-
Zr nuclear fuel cladding



- Incorporation of helium trapping sites 
to account for He partitioning in 
microstructure & provides effective 
cavity nucleation sites at high dose rates 
(ion irradiation) 

Enhanced nucleation from helium trapping predicts 
experimentally observed temperature shift that leads to 
ion irradiation replicating Bor-60 irradiated microstructures*S. Taller, G. Van Couvering, B.D. Wirth and 

G.S. Was, Scientific Reports 11 (2021) 1-14.

Modeling predictions of Ion irradiation temperature shift – relative to 
fast neutron irradiation*



Good agreement results between dual ion & fast reactor 
irradiated microstructures*

*S. Taller, G. Van Couvering, B.D. Wirth and 
G.S. Was, Scientific Reports 11 (2021) 1-14.

DI: 445°C:17 dpa

DI: 445°C:35 dpa

DI: 460°C:16 dpa

BOR-60: 376°C:17 dpa

BOR-60: 378°C:35 dpa

BOR-60: 415°C:17 dpa

BOR-60 DI



Connecting atomic and continuum scale dislocation plasticity

Marian, Lee, Martinez,  Wirth, JMR 2011

MD simulations

DD simulations

Simulations of dislocation-SFT interactions in irradiated Cu



Polycrystal plasticity to predict stress-strain response

DD simulations



Summary: Structural Materials development status & needs

• Recent community prioritization has emphasized the need, and the urgency, for expanding efforts in 
fusion technology related to materials development for applications in PMI, blankets, structural 
components, including the use of multiscale-multiphysics modeling & simulation

• Reviewed status of reduced activation structural materials development & outstanding issues
- Confidence in reduced activation ferritic/martensitic alloys for use in a fusion pilot plant (for few 

environmental cycles), although the degradation service limit is not yet established. And, many 
unresolved questions with dose rate & He/dpa (thermal/radiation cycling)

- Vanadium alloys have promise, but require substantial R&D for MHD & tritium barrier coatings (also 
controlling impurity/embrittlement effects)

- Significant effort needed to develop high temperature materials design rules in creep/fatigue 
deformation regimes & to further evaluate He embrittlement limits

• Most significant development needs include: Blanket technology, structural materials development for 
blankets, including environmental degradation and tritium permeation/retention, and 14 MeV prototypic 
neutron source



Summary: Computational Multiscale Materials Modeling

• Computational multiscale materials modeling has demonstrated ability to model complex, radiation effects in 
Fe-Cr based alloys and Cu across a range of length and timescales, and is nearing the point of confidence that 
models could be used in alloy design and prediction of 14-MeV radiation damage response in fusion 
environment, but require further quantification of uncertainties at each scale & propagated

- Defect production physics well established and transmutation cross-sections known
- Computational thermodynamics is a powerful tool within alloy design (not shown here)
- Successful demonstration of atomistically-informed meso-scale cluster dynamics modeling of defect cluster 

evolution and He-dpa synergies in cavity nucleation 
- Demonstration of crystal plasticity and dislocation dynamics coupling to atomistic and meso-scale models is 

able to predict mechanical property (stress-strain) changes
- Biggest modeling challenges relate to multiscale time integration across rare dynamics and modeling multi-

component alloys with transmutant impurities

• Integrated scientific approach utilizing computational modeling & experimental irradiations and 
characterization is required to further develop and qualify structural materials for commercial fusion reactors 
(High Performance Computing in and of itself will not be sufficient to bridge the gap)
- Substantial opportunities to extend systematic modeling & experiments towards other fusion power plant 

components, most notably in the blanket & tritium handling systems, which also face extreme neutron fluxes 
and chemical environments


